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Abstract. Past microlensing experiments such as the MACHO project have discov-
ered the presence of a larger than expected number of microlensing events towards the
Large Magellanic Cloud (LMC). These events could represent a large fraction of the
dark matter in the halo of our Galaxy, if they are indeed due to halo lenses. However,
the locations of most of the lenses are poorly defined. The SuperMacho project will
detect and follow up ~ 60 microlensing events toward the LMC over the next 5 years.
The expected discovery of a number of microlensing events exhibiting special proper-
ties due to binarity, etc., will allow us to better determine the location and nature of
the lenses causing the LMC microlensing events.

1 Introduction

The MACHO collaboration observed 17 microlensing events towards the LMC
over 5.7 years [6]. These events point to a MACHO dark halo fraction of 8 - 50%
at a 95% confidence level for a typical halo model with a peak likelihood of 20%.
However, this result depends on the location of the events and our knowledge of
the shape and the extent of the dark halo. The current large uncertainties are
primarily due to the small number of observed events. To reduce uncertainties
requires a large number of microlensing events.

The SuperMacho project has observed the LMC for % a night every second
night within ten days of new moon from November 2001 to January 2002. The
project has been allocated time to continue this work for 4 more years. Follow-
up of microlensing events has not yet commenced but will be carried out at the
Boyden 60-inch telescope in South Africa and at the 50-inch MACHO telescope
in Australia.

1.1 The Microlenses

The measured 20% MACHO halo fraction significantly exceeds the known com-
ponents due to foreground populations and self-lensing (a few events expected
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compared to the 17 observed [12]). The exact nature of the lensing objects re-
mains a mystery.
The possible sources of lenses include:

e Ordinary stars in a previously undetected thick disk component.
e LMC stars as sources and lenses (so called self-lensing).

e An intervening dwarf galaxy or an unvirialized shroud component.
e Dark matter in the form of MACHOs.

Possible sources of ordinary stars producing the events include the halo white
dwarfs which are currently being found in proper motion surveys [15] & [14].
However, these results are controversial [17]. The self-lensing explanation is un-
likely due to LMC’s small observed scale height [16]. The existence of a fore-
ground intervening population is strongly constrained by past observations [10]
& [11], as is a virialized halo. However, the presence of a background population
is less well constrained [8]. A dark matter solution remains likely.

Based on Holtzman et al. (1999)’s [13] HST LMC luminosity function, and
an exponential disk of scale length 1.6 kpc, the SuperMacho project will moni-
tor 500 million (100 million with S/N > 10) LMC stars compared to MACHO
project’s 11.9 million stars. This will allow SuperMacho to move from small num-
ber statistics (13-17 events [6]) to respectable numbers. We expect > 12 events

yr~! or ~60 events overall.

2 Microlensing Events

The magnification of the source star during a gravitational microlensing event
is related to the lens-source alignment impact parameter u by,

. u?+2
M(u) = u(u? + 4)% (1)

In Fig. 1 we show the shapes of point-source, point-lens, microlensing light
curves. The timescale of microlensing events, £, is characterised by the time it
takes for the Einstein ring associated with a foreground object to transit the
background source star. The projected size of the Einstein ring radius, Rg, is
given by

AGMD,
Rg = \/W(Ds — D), (2)

where the lens has mass M (in units of Mg), the observer-lens distance is Dy
and source-observer distance is Ds. The timescale of lensing events is related to
the projected transverse velocity of the lens vy, by t = 2Rg /v, .
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Fig.1. The shapes of microlensing light curves for a variety of impact parameter
values. The dashed line shows the magnification at one Einstein ring radius separation.

2.1 Exotic Events

During microlensing only the event magnification and timescale are observed. As
we can see from equation (2), the timescale involves the mass, the distance and
the projected transverse velocity of the lens. Thus, the dependence of Rg on the
location and lens mass makes it difficult to determine the physical parameters of
individual microlensing events. For typical point-source, point-lens microlensing
events it is not possible to separate these quantities. However, under special
circumstances it is possible to break the degeneracy with exotic events. Instances
of such exotic microlensing include:

e Events perturbed by the parallax effect [2]. In this case the orbital motion
of the earth changes the observed line-of-sight and transverse velocity of the
system. This distorts the light curve shape and allows us to constrain the
transverse velocity of the source-lens pair.

e Events exhibiting the xallarap effect [9]. This occurs when the source star
is part of a multiple system. Here the orbital motion of the sources perturb
the observed light curve (xallarap is parallax backwards).

e Events showing finite source effects [3]. These effects occur when the impact
parameter is very small (high magnification events). In such cases the point-
source, point-lens, approximation is violated and part of the source star may
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be resolved by the lens. These effects constrain the physical size of the event
impact parameter.

e Events with binary lenses [19] & [7]. In these cases the lenses can produce
dramatic increases in magnification when caustics are crossed or a cusp is
passed. For the binary event 98-SMC-1, the MACHO group was able to show
the location of the lens was within the SMC [5] based on the caustic crossing
time, a velocity model, and the light curve shape.

Based on the number of microlensing exotic events observed toward the
Galactic bulge (> 20 exotic events observed), we expect ~ 10% of the SuperMa-
cho events to provide additional information about physical parameters of the
microlensing events observed by SuperMacho.

3 Observations

The observations for the SuperMacho project are underway at the Blanco 4-
m telescope at CTIO, Chile. During these observations 52 primary fields are
monitored each night (23 square degrees) with an additional sixteen secondary
fields monitored when time allows. Images are taken with the Mosaicll imager.
This is a prime focus imager with 8 CCDs in 8k x 8k mosaic (0.27” pixels). A
custom built wide-bandpass filter is employed for maximum photon throughput
with minimum sky OH- and scattered moonlight. Because of the wide-bandpass
atmospheric dispersion is an important factor in image quality. This light refrac-
tion is corrected on the telescope via an atmospheric dispersion corrector.

At CTIO the seeing is typically ~ 0.8”. The MACHO project median seeing
was ~ 2.1”. With good seeing, a large telescope, sensitive CCDs and a wide band-
pass filter, observations reach 2 magnitudes deeper than those in the MACHO
experiment. A 120 second exposure reaches 23rd magnitude. However, exposure
times of individual fields are optimized to produce the largest amount of stellar
coverage in a given observing time. In Fig. 2 we present images of the same area
of sky taken with the MACHO and SuperMacho telescopes. The superior seeing
and depth of the CTIO observation are clear.

4 Event Detection

The image reduction and event detection is being carried out using Difference
Image Analysis (DIA) [1] & [4]. This technique produces better quality photom-
etry in crowded fields than traditional PSF photometry and reduces the number
of objects to the small number of variable sources. In the DIA scheme all im-
ages of a field are registered to a good seeing template image. Next the seeing
and sky conditions in the images are matched by convolving the better seeing
template image with the kernel required to match it to the poorer seeing im-
ages. The matched template image is then subtracted from the other images.
What remains is a residual flux image (or difference image) containing only
noise and point sources where the flux has varied between the image epochs.
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Fig.2. A comparison of MACHO and SuperMacho images. Top: a typical MACHO
image of a smaller region of the LMC. Bottom: the same region observed by the Su-
perMacho project.

These variable sources include microlensing events, variable stars, supernovae
and asteroids. Once the full set of images has been differenced, photometry is
performed on all the variable sources and light curves are produced. In Fig. 3 we
present a template image and a difference image of the same region. The bright
point sources in the difference image are objects that have become brighter in
the time between observations, while the dark ones are those which have faded.

A microlensing event detection system is run over the light curves to find
profiles which are consistent with the characteristics of microlensing events, for
example see Fig. 1. To determine the optical depth to MACHO microlensing it
is necessary to know the microlensing detection efficiency. This is determined
by adding artificial stars of varying brightness to images during reduction. The
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Fig. 3. A template image (left) and a difference image (right) of the same sky region.

fraction of recovered artificial stars gives the detection efficiency at a given mag-
nitude limit. Reduced data, such as the photometry and locations of the sources,
are stored in a “PostgreSQL” format database. This allows for quick searches
of the indexed data and forward compatibility for inclusion of additional data
fields. Each observing season will produce about 1/2 a TByte of data to include
in the database. The database of images is kept on disk for analysis of newly
discovered sources at dates prior to their detection.

5 Further Products of the Survey

Besides microlensing events this new survey is providing many other data prod-
ucts. These include an accurate astrometric catalog of the LMC and deeper
photometry of a large area of the LMC. An astrometric catalog will be use-
ful for identifying optical sources in future surveys such as for X-ray sources.
Amongst other things, the deep photometry will allow us to detect many d-Scuti
type variables stars in the LMC. The survey may also discover near-earth and
trans-Neptunian objects in unusual orbits far from the ecliptic.
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The MACHO project discovered a number supernovae behind the LMC. The
increased depth of the SuperMacho data will allow us to detect many more super-
novae. These data will supplement the small number of low redshift supernovae
discovered so far by dedicated surveys. The first supernova of the project has
already been discovered [18].

More than 50 QSOs have been detected behind the LMC by the MACHO
project. The SuperMacho data will increase this by an order of magnitude. Such
distant point sources as QSOs are necessary to accurately determine the proper
motion of the LMC. This measurement will help us further constrain the mass
and shape of the halo. Real time reduction will give other researchers the ability
to follow up microlensing events and other transient sources. Studies at multiple
wavelengths can also be undertaken simultaneously with these data for detailed
studies of variability.

6 Summary

LMC microlensing events represent a large amount of hidden mass if the lenses
reside within the dark halo of our galaxy. However, other possibilities exist and
must be ruled out before conclusions can be made. SuperMacho will find and
follow up ~ 60 microlensing events. These results, combined with those of the
MACHO project, will provide a stronger constraint on the nature of LMC mi-
crolensing and our Galaxy’s dark halo MACHO mass fraction. However, since
only the halo microlensing events are relevant to the dark matter problem it is
necessary to determine the locations of the lenses causing the observed events.
Most of the lenses in microlensing events have unknown locations because of
the well-known mass, distance, transverse velocity degeneracy. By using exotic
microlensing events with well sampled light curves, it is possible to constrain the
locations of the lenses. Based on previous microlensing experiments we expect to
detect > 6 exotic lensing events. By determining the locations of even a few of
the lenses it is possible to solve the question of where most of the lenses towards
the LMC reside.
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